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Abstract
Tinnitus has a complex etiology that involves auditory and non-auditory factors and may be accompanied by hyperacusis,
anxiety and cognitive changes. Thus far, investigations of the interrelationship between tinnitus and auditory and non-
auditory impairment have yielded conflicting results. To further address this issue, we noise exposed rats and assessed them
for tinnitus using a gap detection behavioral paradigm combined with statistically-driven analysis to diagnose tinnitus in
individual rats. We also tested rats for hearing detection, responsivity, and loss using prepulse inhibition and auditory
brainstem response, and for spatial cognition and anxiety using Morris water maze and elevated plus maze. We found that
our tinnitus diagnosis method reliably separated noise-exposed rats into tinnitus(+) and tinnitus(2) groups and detected no
evidence of tinnitus in tinnitus(2) and control rats. In addition, the tinnitus(+) group demonstrated enhanced startle
amplitude, indicating hyperacusis-like behavior. Despite these results, neither tinnitus, hyperacusis nor hearing loss yielded
any significant effects on spatial learning and memory or anxiety, though a majority of rats with the highest anxiety levels
had tinnitus. These findings showed that we were able to develop a clinically relevant tinnitus(+) group and that our
diagnosis method is sound. At the same time, like clinical studies, we found that tinnitus does not always result in cognitive-
emotional dysfunction, although tinnitus may predispose subjects to certain impairment like anxiety. Other behavioral
assessments may be needed to further define the relationship between tinnitus and anxiety, cognitive deficits, and other
impairments.
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Introduction
Tinnitus is a sound perception that occurs within the ear or
head in the absence of an external source. An estimated 50 million
Americans experience tinnitus, with 16 million seeking medical
intervention [1,2]. Tinnitus sufferers frequently struggle with
difficult sleeping [3–5], irritability [6,7], and cognitive deficits [8–
12], and are at greater risk for depression, anxiety [13–15], and in
some cases suicide [16]. From this, it is evident that the emotional
and cognitive effects of tinnitus have a significant impact on
patients and merit thorough investigation.
In support of the cognitive-emotional impact of tinnitus, a
growing volume of literature shows that related limbic structures,
including the hippocampus and amygdala, may be activated
during tinnitus perception. For example, the hippocampus may be
activated in tinnitus patients as revealed by increased regional
cerebral blood flow [17,18]. Studies in rats have demonstrated that
intense sound exposure previously shown to induce tinnitus alters
responses of hippocampal place cells [19] and impairs hippocam-
pal neurogenesis [20]. The amygdala may also be activated, as
evidenced by elevated regional cerebral blood flow [17] and
increased fos-like immunoreactivity following sound exposure and
salicylate injections, which are known tinnitus-inducers [21–23].
Higher cortisol levels and blunted cortisol response to stress have
also been found in tinnitus patients and are indicative of
hypothalamic pituitary adrenal axis activation, which is mediated
by the amygdala and the hippocampus [24,25].
Despite evidence linking limbic functioning and tinnitus
perception [17,26–28], the relationship between tinnitus, limbic-
associated functioning, and the underlying mechanisms remains
unclear. For example, tinnitus patients performed worse than
control subjects on verbal fluency and reading span tests,
indicating deficits in working memory [12]. Other memory
assessments however, including tests of serial and spatial recall
and five-choice serial reaction time with a dual task for memory,
have found no significant difference between tinnitus subjects and
controls [10,29]. Additionally, not all individuals with tinnitus
have anxiety [30]. In animal studies, rats that developed tinnitus
following acoustic trauma showed no impairment in spatial
learning and memory [31] and no significant increase in anxiety
level [32], though they did show compromised impulse control
and social interaction [32,33]. Tinnitus, therefore, has a complex
relationship with cognitive-behavioral functioning in both humans
and animals.
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Amidst the conflicting data, the presence of confounds is a
major complicating factor in the relationship between tinnitus,
cognition, and anxiety. One potential confound can arise when
tinnitus is induced by noise exposure, which is one of the most
prominent causes of tinnitus and can itself induce anxiety when
presented on a regular basis [34,35]. Hearing loss also frequently
accompanies tinnitus, and while some evidence suggests that
tinnitus perception is more anxiogenic than hearing loss, hearing
loss may provoke anxiety in some individuals [36,37]. Hyperacusis
reportedly co-occurs in between 40 to 80% of tinnitus patients
[38–40] and results in patients suffering distress from common
sounds, and in some cases, social withdrawal [41]. In addition,
tinnitus sufferers frequently struggle with comorbid depression and
anxiety [42–47]. This obfuscates the relationship between tinnitus
and limbic-associated functioning since depression and anxiety not
only affect emotional processing and alter neural activity in limbic
structures [48–51], but can also hinder cognitive functioning,
including memory [52,53].
To help address the clinical challenges posed by tinnitus, animal
models of noise-induced tinnitus have been utilized [54–67], and
some studies have begun examining its cognitive and emotional
correlates [31–33,68]. A critical task in this area, however, is
diagnosing tinnitus. Due to the number of different tinnitus animal
models, it can be difficult to compare tinnitus correlates across
studies. While gap-detection of the acoustic startle reflex has seen
prominent use over the past several years
[20,58,60,61,63,64,66,67,69–76], it presently lacks standardized
tinnitus diagnosis. Many studies using gap-detection have not
formally divided animals into tinnitus(+) and tinnitus(2) groups
[60,61,63,70,72,73,75,76], which is a critical step since not all
individuals exposed to acoustic trauma develop tinnitus. Addi-
tionally, those that have divided animals based on tinnitus
perception are still lacking a common, statistically-driven method
[20,64,66,67,71]. Increased commonality of tinnitus diagnosis and
a rigorous method to identify noise-exposed tinnitus positive rats is
needed to improve solidarity between various reports and to better
approach clinical challenges, such as the complicated relationship
between noise-induced tinnitus, related audiological impairment,
and cognition and emotion.
In the current study, we conducted experiments using Long-
Evans rats and investigated the effect of intense tone-induced
tinnitus, hearing loss, and hyperacusis-like behavior on spatial
learning and memory, and anxiety. Rats were individually
diagnosed with tinnitus using a gap detection paradigm and tested
for hearing loss, detection and responsivity using auditory
brainstem responses (ABRs) and prepulse inhibition (PPI). Rats
were then tested for spatial learning and memory with the Morris
water maze (MWM) and for anxiety with the elevated plus maze
(EPM). Our results showed that our tinnitus diagnosis method was
reliable and that the tinnitus(+) group also exhibited hyperacusis-
like behavior, although tinnitus exerted no significant effect on
cognition or anxiety at the group level.
Materials and Methods
Animal Subjects
Twenty-nine male Long-Evans rats (60–70 days-old) were
purchased from Charles River Laboratories. Eighteen rats were
exposed twice to an intense tone and were divided into tinnitus(+)
and tinnitus(2) groups, depending on tinnitus development
following exposure. Four rats exhibited poor acoustic startle reflex
performance and were excluded from the study prior to tone
exposure. A group of seven age-matched and unexposed rats
served as controls. All procedures were approved by the
Institutional Animal Care and Use Committee at Wayne State
University and were in accordance with the regulations of the
Federal Animal Welfare Act.
Gap detection (GAP) and Prepulse Inhibition (PPI) Testing
- Before Tone Exposure
Rats underwent behavioral testing for tinnitus and auditory
detection using GAP and PPI, as previously described [64]. All
behavioral testing was conducted inside a sound-attenuation booth
with acoustic startle reflex hardware and software (Kinder
Scientific, Poway, CA). In the GAP procedure, each rat was
presented with constant, 60 dB SPL background noise consisting
of bandpass signals centered at 6–8, 10–12, 14–16, or 26–28 kHz,
or broadband noise (BBN). A 115 dB SPL, 50 ms noise burst
served as the startle stimulus to induce the acoustic startle reflex.
During the background noise, the rat was either presented with the
startle stimulus alone (startle only condition) or the startle stimulus
preceded by a silent gap embedded within the background noise
(GAP condition). Silent gaps were 40 ms in duration with a lead
interval of 90 ms to the startle stimulus. The startle reflex of rats
was measured in response to 3 conditions: 1) background noise
alone, 2) startle only, and 3) GAP. Four trials of the background
noise alone condition and 8 trials for the startle only and GAP
condition each were administered for every background noise
frequency and BBN.
The PPI procedure was the same as gap-detection except that
no background noise or gaps were used. Rats were either
presented with the startle stimulus alone (startle only condition)
or the startle stimulus preceded by a prepulse (PPI condition).
Prepulses were 40 ms in duration with a lead interval of 90 ms and
were presented at 60 dB SPL. The startle reflex of rats was
measured in response to 2 conditions: 1) startle only, and 2) PPI.
Eight trials for both the startle only and PPI conditions were
administered for each prepulse frequency and BBN prepulses.
Both GAP and PPI were run sequentially with a 2 min
acclimatization period before each test. Two trials of the startle
stimulus without background noise were presented after the
acclimatization period to trigger any initial, exaggerated startle
reflexes, and were not used in analysis. Startle-only and GAP or
PPI conditions were arranged in a pseudorandom sequence to
prevent order effects. The running time for both tests was
approximately 1 hour and 40 min. In order to achieve stable
baseline behavioral data, rats were tested an average of 10 times
over a month period.
Auditory Brainstem Responses (ABRs) - Before Tone
Exposure
Each rat underwent click and tone-burst ABR to assess hearing
thresholds. Anesthesia was induced through inhalation of mixed
air (0.6 L/min) and isoflurane (5%, v/v) and was reduced to
0.4 L/min and 2–3% v/v for maintenance during testing. ABR
responses were elicited by click and tone burst stimuli (10 ms
duration, 0.5 ms rise/fall) delivered from a TDT EC1 model
electrostatic speaker (Tucker Davis Technologies, Alachua, FL)
through a tube inserted into the external auditory canal. Stimuli
were generated by a TDT RX6 multifunction processor,
calibrated with a microphone (Model 4016, ACO Pacific) and
SigCalRPH software, and presented from 80 dB peak equivalent
SPL down to 5 dB in 5 dB decrements.
Evoked potentials were recorded using subdermal platinum-
coated tungsten needle electrodes. The positive recording
electrode was placed at the vertex, while the reference electrode
was placed below the ear pinna ipsilateral to the speaker, and the
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ground electrode was placed below the contralateral ear pinna.
ABR responses were amplified, bandpass-filtered at 300 to
3000 Hz, and notch-filtered at 60 Hz. Responses to click and
tone-burst stimuli were averaged 300 and 400 times, respectively.
The sampling rate for data acquisition was 50 kHz. Experimental
operation was controlled by SigGenRPH and BioSigRPH TDT
software installed in an IBM terminal connected to a System 3
TDT workstation. For analysis, ABR threshold was considered the
lowest intensity at which a distinct portion of the biological
waveform remained.
Intense Tone Exposure to Induce Tinnitus
After stable baseline GAP and PPI data were observed, rats
were unilaterally exposed (left ear) to a 118–120 dB peak SPL,
10 kHz tone for 2 hours. Unilateral exposure was conducted so
that at least one normal hearing ear remained, which has been
shown to be sufficient for normal gap-detection [63]. Five weeks
later, a second exposure was conducted for 3 hours and served to
reinforce or enhance the previously induced tinnitus. The second
exposure also increased relevance to clinical cases, where
individuals have often incurred acoustic trauma more than once.
For further clinical significance and to circumvent protective
effects of anesthesia [71,77,78], rats were exposed while awake.
Prior to exposure, each rat was anesthetized through inhalation
of mixed air (0.6 L/min) and isoflurane (5%, v/v). The right ear
canal was then occluded with an earplug followed by application
of mineral oil to seal any additional open spaces. The plugged ear
was sutured shut to keep the plug in place. Each rat was given
30 min to recover from anesthesia. Between 4 to 6 rats were
placed in a cage and exposed at a time. The exposure tone was
presented through a TW67 speaker (Pyramid Car Audio,
Brooklyn, N.Y.) placed face-down on top of a 44623622 cm
polycarbonate rat cage with floor bedding consisting of wood
shavings, and was calibrated at the estimated average position of
the rats (Bruel & Kjar, BZ-7100). The tone was produced by a
TDT multifunction processor and amplified through an RA 300
amplifier (Alesis, Cumberland RI). Operation was controlled by a
custom Constant Tone OpenEx program (TDT). Following tone
exposure, rats were again anesthetized and their earplugs and
sutures were removed. The control group underwent the same
procedures except that no tone was delivered. Some rats tended to
orient their heads toward the speaker during the initial minutes of
the tone exposure, however, rats remained relatively still
throughout the majority of the exposure so this did not appear
to be problematic.
GAP, PPI, and ABR Testing – After Tone Exposure
Behavioral testing and ABRs were conducted using the same
parameters as before tone exposure. Rats were tested behaviorally
one day after exposure and on a biweekly basis until MWM and
EPM testing (6 weeks after exposure). ABR testing was adminis-
tered at 1 and 8 weeks post-exposure.
Morris Water Maze (MWM)
As described elsewhere [79], a one-day water maze procedure
was carried out 6 weeks after exposure to assess spatial learning
and memory. Testing was conducted in a fiberglass pool (183 cm
in diameter) filled with water opacified with white, non-toxic paint.
For analytical purposes, the interior of the pool was virtually
divided into 4 zones of equal size. An escape platform 11 cm in
diameter was hidden in the middle of zone 4 (target zone) at 2 cm
below the surface level of the water.
Rats were given a total of 4 trials. Each trial was initiated from
one of 4 random starting points by lowering a rat into the water
while facing the pool wall. If a rat failed to locate the escape
platform within 90 seconds, it was taken from the water and placed
on the platform for 3 seconds. Following the last escape trial, the
platform was removed and a probe trial was administered where a
rat was allowed to swim freely for 90 seconds. The rat was dried
with a cloth towel and placed back inside its cage after each trial.
Rats were analyzed on time required to locate the escape platform
(escape latency), swimming velocity, and time spent and entries
into the target zone (probe trial). Data were acquired using
Ethovision XT (Noldus Information Technology, Wageningen,
Netherlands), a video tracking and analysis software.
Elevated Plus Maze (EPM)
Rats were tested on the EPM 6 weeks after exposure to measure
anxiety level. The plus maze was constructed from wood and
made into a cross shape with two opposing open arms
(28 cm610 cm) and two opposing closed arms
(47.5 cm610 cm639 cm) extending from a center square
(10 cm610 cm). The maze was elevated approximately 60 cm
above the ground. Duct tape was applied to the maze surface
where rats would walk. A rat was placed in the center square
facing an open arm and allowed to explore the maze for 5 min.
Rats were observed by a hidden experimenter and scored on the
number of entries into the open and closed arms and time spent in
the open arms. An entry was defined as setting all four paws in an
arm. The maze was cleaned, deodorized and dried between each
test with 70% ethanol.
Data Analysis
All gap-detection startle force data were divided by the mean of
the corresponding startle only responses and converted into ratio
values, as described in previous work [60,64,70]. For a given
frequency, GAP ratios were computed by dividing the responses to
the GAP condition by the mean startle only response. A ratio value
close to 0 for the GAP condition indicated healthy gap-detection at
a given frequency, while a ratio value close to 1 indicated gap
impairment and tinnitus at that frequency. Startle only ratios for
each frequency were computed by dividing the responses to the
startle condition by the mean startle only response.
Following intense tone exposure, we determined which rats
were tinnitus(+) or tinnitus(2). First, outlier responses to the GAP or
startle only conditions were removed, which has been done by
others to eliminate extreme startle variability [58,66]. We defined
outliers as any responses greater than two standard deviations
above the mean. Second, to assess each rat for tinnitus, we pooled
the GAP ratios from four out of five baseline gap-detection tests
and compared them to four out of the last five gap-detection tests
preceding MWM and EPM testing. The worst test out of the five
(determined by the highest GAP ratios) was excluded to minimize
the chance of any one test inflating gap ratios. Eliminating outliers
and the worst test helps minimize false tinnitus positive outcomes.
A rat was considered to have tinnitus if it met two criteria: 1) post-
exposure GAP ratios were significantly higher than pre-exposure
ratios; 2) post-exposure GAP ratios were not significantly lower
than post-exposure startle only ratios. We used the first criterion to
ensure that gap-detection performance significantly worsened
following tone exposure. We used the second criterion to verify
that rats could not significantly suppress their startle reflexes in
response to the silent gap. Validating gap impairment in this
manner helped reduce the possibility that hearing loss, stress, or
some other factor significantly worsened but did not genuinely
impair gap-detection. Processing the data using these steps
reduced data variability, maintained objectivity, and provided a
stable behavioral profile for each rat to facilitate proper diagnosis.
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Tone-exposed rats not meeting the criteria were placed into the
tinnitus(2) group. Another 7 rats underwent pseudo-tone exposure
and served as sham controls, but were also individually analyzed.
For each group, mean pre-exposure GAP ratios were compared
with mean post-exposure GAP ratios to verify any changes
induced by the intense tone or pseudo-tone exposure. Addition-
ally, we assessed any changes in startle amplitude by comparing
startle force in response to the startle only condition between pre-
and post-exposure time points. Decreased startle amplitude could
artificially raise GAP ratios and compromise the tinnitus diagnosis
[58,66], whereas increased startle amplitude would indicate
hyperacusis-like behavior [80–82]. The same 4 out of 5 pre-
exposure and post-exposure tests used to evaluate behavior for
each rat were pooled for group-wise analysis.
PPI data were analyzed in the same manner as gap-detection
data and provided a general assessment of auditory detection and
startle stimulus responsiveness. Healthy rats would have reduced
their startle reflexes in response to the PPI condition and
generated a ratio significantly lower than 1. ABR thresholds were
used to evaluate hearing loss by comparing pre-exposure, post-
exposure week 1, and post-exposure week 8 recordings within each
group, and between the three groups (tinnitus(+), tinnitus(2) and
control) at each time point. To determine if there was any
relationship between hearing loss and tinnitus, correlation analysis
was conducted between post-exposure week 8 left ear ABR
thresholds and post-exposure GAP ratios for each group. The
post-exposure GAP ratios were averaged at each frequency for
each rat from the same 4 out of 5 tests used for tinnitus diagnosis.
MWM data were compared between the three groups to
examine the effects of acoustic trauma and tinnitus on spatial
learning and memory. Spatial learning was evaluated by the
escape latency trials, whereas spatial memory was gauged in the
probe trial by the amount of time spent and entries into the target
zone. Longer escape latencies and lower affinity for the target zone
would suggest impaired spatial learning and memory.
Anxiety level was determined in the EPM by the percent of
entries into and time spent in the open-arm. Compared to
controls, reduced entries and time in the open-arm would indicate
higher anxiety, while increased entries and time suggests less
anxiety. Individual rats were also placed into high and low anxiety
groups by ranking the percent of open arm time for all animals
and dividing the data into quartiles [83]. Rats in the lower quartile
below the median were characterized as having high anxiety (HA),
while those in the upper quartile above the median were
characterized as having low anxiety (LA). The rationale for this
analysis was that not all tinnitus patients suffer from anxiety
[44,46,84]. Therefore, certain tinnitus(+) rats may or may not have
anxiety, which would be missed if only group-wise analysis was
performed.
For all pre- and post-exposure and between-group comparisons,
one-way ANOVA was performed with a post-hoc Bonferroni test
to adjust alpha values. For pre- and post-exposure comparisons in
gap-detection and PPI data for individual rats, t-test assuming
unequal variances was used. Pearson correlation analysis was used
to assess the correlation between ABR thresholds and GAP ratios.
Statistics such as chi-square were not performed on the HA and
LA data from EPM testing due to small sample size. All P values
were set to 0.05.
Results
Gap Detection and Prepulse Inhibition
To determine whether a rat had tinnitus, we compared GAP
ratios between baseline tests and 5 to 6 weeks following the second
noise exposure. Twelve out of eighteen rats met tinnitus criteria:
that is, at a given frequency, they exhibited post-exposure GAP
ratios that were both significantly higher than pre-exposure GAP
ratios and were not significantly lower than post-exposure startle
only ratios. PPI ratios were assessed the same way and revealed
that the GAP impairments were not accompanied by PPI
impairments at the same frequencies. These rats were placed into
the tinnitus(+) group, while the other six noise-exposed rats were
placed into the tinnitus(2) group. Gap-detection and PPI data from
a representative tinnitus(+) (Fig. 1A–B), tinnitus(2) (Fig. 1C–D), and
control rat (Fig. 1E–F) are shown. As can be seen, the tinnitus(+) rat
had tinnitus at 6–8 kHz [Pre vs. Post GAP (t [42] = 2.02,
p = 0.011), Post GAP vs. Post Startle Only (t [61] = 2.00,
p = 0.072)] and 26–28 kHz [Pre vs. Post GAP (t [49] = 2.01,
p = 0.003), Post GAP vs. Post Startle Only (t [59] = 2.00,
p = 0.560)]. Post-exposure PPI ratios were not elevated at 6–
8 kHz [Pre vs. Post PPI (t [58] = 2.00, p= 1.000)] or 26–28 kHz
[Pre vs. Post PPI (t [57] = 2.00, p = 0.318)], although PPI was
impaired at 14–16 kHz [Pre vs. Post PPI (t [55] = 2.00, p = 0.016),
Post PPI vs. Post Stl Only (t [61] = 2.00, p= 0.920)]. The
tinnitus(2) and control rats, on the other hand, had no significant
impairment in post-exposure GAP or PPI ratios.
Grouped GAP and PPI data are depicted in Fig. 2. At 1 to 2
weeks after tone exposure, tinnitus(+) rats showed significant
elevations in GAP ratios at 6–8 (F(2,1104) = 15.043, p,0.001), 10–
12 (F(2,1111) = 11.911, p,0.001), 14–16 (F(2,1114) = 31.269,
p,0.001), and 26–28 kHz (F(2,1114) = 41.108, p,0.001), and
BBN (F(2,1111) = 29.256, p,0.001) compared to pre-exposure ratio
values (ANOVA and post-hoc Bonferroni tests; Fig. 2A). Elevated
PPI ratios were also seen at post-exposure weeks 1 to 2, including
6–8 (F(2,1104) = 4.884, p= 0.006) and 10–12 kHz (F(2,1105) = 8.285,
p,0.001; ANOVA and post-hoc Bonferroni tests; Fig. 2B).
Tinnitus(2) rats demonstrated a significant elevation in Gap ratios
at 10–12 kHz (F(2,556) = 12.531, p,0.001) and BBN
(F(2,547) = 13.277, p,0.001), but also demonstrated elevated PPI
ratios at 10–12 (F(2,1111) = 4.678, p,0.008) and 14–16 kHz
(F(2,1114) = 3.154, p,0.037; ANOVA and post-hoc Bonferroni tests;
Fig. 2C–D). Although the 10–12 kHz Gap ratio was elevated, the
simultaneous elevation at 10–12 kHz PPI suggested that this was
due to impairment in auditory detection, as opposed to tinnitus
perception. The elevation in the BBN Gap ratio may be due to
hearing loss, since the other Gap ratios were not elevated and since
the BBN Gap elevation is consistent between tinnitus(2) and
tinnitus(+) groups. Control rats showed no differences except for a
significant decrease in the BBN PPI ratio (F(2,628) = 3.221,
p = 0.034; ANOVA and post-hoc Bonferroni tests; Fig. 2E–F). This
may suggest a high degree of variability and/or sensitivity in
responses to BBN PPI.
Five to six weeks after intense tone exposure, tinnitus(+) rats
retained GAP elevations at 6–8 (F(2,1104) = 15.043, p,0.001), 10–
12 (F(2,1111) = 11.911, p,0.001), 14–16 (F(2,1114) = 31.269,
p,0.001), and 26–28 kHz (F(2,1114) = 41.108, p,0.001), and
BBN (F(2,1111) = 29.256, p,0.001, and an elevation at BBN PPI
(F(2,1078) = 38.572, p,0.001; ANOVA and post-hoc Bonferroni
tests; Fig. 2A–B). Tinnitus(2) rats only showed an elevation at BBN
GAP (F(2,547) = 13.277, p,0.001; ANOVA and post-hoc Bonferroni
tests; Fig. 2C). The control group did not show any elevations for
GAP or PPI (Fig. 2D–F).
In addition to ratio data, we assessed the effect of noise and
pseudo noise exposure on startle force in response to the startle
only conditions of the gap-detection and PPI tests (Fig. 3). We
found that the tinnitus(+) group exhibited a significant increase in
startle force at 1 to 2 weeks post-exposure during BBN background
noise (F(2,1112) = 30.555, p = 0.036) and near 26–28 kHz PPI
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(F(2,1112) = 15.713, p= 0.030) and BBN PPI (F(2,1105) = 12.169,
p = 0.035; ANOVA and post-hoc Bonferroni tests; Fig. 3A–B). A
more dramatic increase in startle force was seen at 5 to 6 weeks
post-exposure during all background noise [6–8 (F(2,1120) = 17.723,
p,0.001), 10–12 (F(2,1130) = 21.576, p,0.001), 14–16
(F(2,1129) = 20.097, p,0.001), and 26–28 kHz (F(2,1121) = 29.638,
p,0.001), and BBN (F(2,1112) = 30.555, p,0.001)] and near-PPI
conditions [6–8 (F(2,1106) = 19.633, p,0.001), 10–12
(F(2,1116) = 13.236, p,0.001), 14–16 (F(2,1106) = 17.338, p,0.001),
and 26–28 kHz (F(2,1112) = 15.713, p,0.001), and BBN
(F(2,1105) = 12.169, p,0.001)], suggesting hyperacusis-like behavior
(ANOVA and post-hoc Bonferroni tests; Fig. 3A–B). The tinnitus(2)
group, however, showed no changes in startle force except for a
decrease near 26–28 kHz PPI at 1 to 2 weeks post-exposure
(F(2,557) = 4.364, p = 0.021), which may have been due to hearing
loss (ANOVA and post-hoc Bonferroni tests; Fig. 3C–D). The
Figure 1. GAP, PPI, and startle only ratios from a representative tinnitus(+), tinnitus(2) and control rat. Gap-detection data showed
tinnitus at 6–8 and 26–28 kHz in the tinnitus(+) rat (A), which was unaccompanied by same-frequency impairment in PPI (B), although PPI showed
auditory detection impairment at 14–16 kHz. Neither the tinnitus(2) (C–D) nor the control rat (E–F) demonstrated tinnitus or auditory detection
deficits. Error bars represent the standard error of the mean (SEM). * indicates p,0.05 between pre- and post-GAP, and p.0.05 between post-GAP
and post-Stl-Only.
doi:10.1371/journal.pone.0075011.g001
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control group also showed no changes in startle force except for an
increase during BBN background noise at 5 to 6 weeks post-
exposure (F(2,630) = 7.355, p,0.001; ANOVA and post-hoc Bonfer-
roni tests; Fig. 3E–F). Overall, our results indicate that unilateral
noise exposure may not always reduce startle force and can
actually increase it.
Figure 2. GAP and PPI ratios for the tinnitus(+), tinnitus(2) and control groups. Gap-detection data showed tinnitus across all frequency
bands and BBN at 1 to 2 and 5 to 6 weeks post-exposure in the tinnitus(+) group (A). PPI data showed auditory detection impairment at 6–8 and 10–
12 kHz at 1 to 2 weeks post-exposure, indicating that 1 to 2 week gap impairments at these frequencies may not be specifically due to tinnitus (B).
PPI, however, recovered by 5 to 6 weeks post-exposure, except for BBN, which may indicate sensitivity at BBN PPI. The tinnitus(2) group exhibited 10–
12 kHz gap impairment at 1 to 2 weeks post-exposure and BBN impairment at 1 to 2 and 5 to 6 weeks (C). PPI, however, also showed 10–12 kHz
impairment at 1 to 2 weeks, negating the alleged 10–12 kHz tinnitus (D). The BBN GAP impairment, on the other hand, may be due to hearing loss,
since the individual frequency bands were not impaired for the tinnitus(2) group yet their BBN impairment matched that of the tinnitus(+) group,
which has similarly elevated hearing thresholds (see Figure 4). No tinnitus or auditory detection impairments were seen in the control group (E–F),
although a decrease in BBN PPI ratio was observed, which again may indicate sensitivity changes at this parameter. Error bars represent SEM. *
indicates p,0.05.
doi:10.1371/journal.pone.0075011.g002
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ABR Thresholds
ABR responses were recorded before tone exposure and at 1
and 8 weeks post-exposure to measure the effects of acoustic
trauma on hearing thresholds (Fig. 4). While click was unaffected
in either group, thresholds were significantly elevated across tone
burst frequencies in the exposed ear of the tinnitus(+) group at 8
(F(2,33) = 25.546, p,0.001), 12 (F(2,33) = 120.667, p,0.001), 16
(F(2,33) 96.083, p,0.001), and 28 kHz (F(2,33) = 49.811, p,0.001)
Figure 3. Startle force for the tinnitus(+), tinnitus(2) and control groups. The tinnitus(+) group only demonstrated enhanced startle force
during BBN background noise at 1 to 2 weeks post-exposure, but showed a dramatic increase during all carrier bands at 5 to 6 weeks (A). Enhanced
startle force without background noise was also seen to a small extent at 1 to 2 weeks post-exposure, but to a much greater extent at 5 to 6 weeks
(B). The tinnitus(2) group demonstrated no startle force changes (C–D) except for a decrease at 1 to 2 weeks near 26–28 kHz PPI (C–D). The control
group showed no startle force changes (E–F) except for an increase at 5–6 weeks during BBN noise (E–F). The tinnitus(+) group by far showed the
greatest change in startle force, suggesting hyperacusis-like behavior. All groups showed a sensitization to startle force during background noise, as
evidenced by stronger startle force during gap-detection testing (background noise present) compared to PPI testing (background noise absent). For
PPI tests, all startle only conditions were identical and were organized by the closest frequency of prepulse incidence to maintain similar comparison
to gap-detection. Error bars represent SEM. * indicates p,0.05.
doi:10.1371/journal.pone.0075011.g003
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and the tinnitus(2) group at 12 (F(2,15) = 5.687, p= 0.029), 16
(F(2,15) = 9.034, p= 0.006), and 28 kHz (F(2,15) = 7.678, p = 0.013;
ANOVA and post-hoc Bonferroni tests; Fig. 4A). Recordings
collected at post-exposure week 8 indicated that after several
weeks, hearing thresholds remained elevated in both the tinnitus(+)
group at 8 (F(2,33) = 25.546, p,0.001), 12 (F(2,33) = 120.667,
,0.001), 16 (F(2,33) = 96.083, p,0.001), and 28 kHz
(F(2,33) = 49.811, p,0.001) and in the tinnitus
(2) group at 12
(F(2,15) = 5.687, p = 0.034), 16 (F(2,15) = 9.034, p= 0.008), and
28 kHz (F(2,15) = 7.678, p = 0.011; ANOVA and post-hoc Bonfer-
roni tests; Fig. 4A). No significant differences between time points
were observed in the unexposed ear of the tinnitus(+) and
tinnitus(2) groups (Fig. 4B), and no elevations were seen in either
ear of the control group.
Thresholds were also compared between the 3 groups at each
time point before and after tone exposure. This allowed us to
determine whether there was a pre-existing or induced difference
in hearing between groups, which could become a confound when
interpreting how tinnitus and hyperacusis-like behavior affected
learning, memory and anxiety. When compared to the control
group, thresholds collected from the exposed ear at post-exposure
week 1 were overall significantly elevated in the tinnitus(+) group
(F(2,122) = 34.711, p,0.001). Specifically, elevations were found at
8 (F(2,22) = 10.146, p = 0.001), 12 (F(2,22) = 47.273, p,0.001), 16
(F(2,22) = 52.754, p,0.001), and 28 kHz (F(2,22) = 17.759,
p,0.001). The tinnitus(2) group also showed overall elevated
thresholds (F(2,122) = 34.711, p,0.001), specifically at 12
(F(2,22) = 47.273, p,0.001), 16 (F(2,22) = 52.754, p,0.001), and
28 kHz (F(2,22) = 17.759, p= 0.002; ANOVA and post-hoc Bonfer-
roni tests; Fig. 4A). Thresholds remained elevated overall at post-
exposure week 8 in the tinnitus(+) group (F(2,122) = 40.256,
p,0.001), specifically at 8 (F(2,22) 13.520, p,0.001), 12
(F(2,22) = 63.444, p,0.001), 16 (F(2,22) = 43.218, p,0.001), and
28 kHz (F(2,22) = 25.711, p,0.001) and in the tinnitus
(2) group
(F(2,122) = 40.256, p,0.001), specifically at 12 (F(2,22) = 63.444,
p,0.001), 16 (F(2,22) = 43.218, p,0.001), and 28 kHz
(F(2,22) = 25.711, p= 0.001; ANOVA and post-hoc Bonferroni tests;
Fig. 4A).
We also compared thresholds between the tinnitus(+) and
tinnitus(2) group. While there was no difference between these
two groups at 1 week post-exposure (F(2,122) = 34.711, p = 0.251),
the tinnitus(+) group showed overall higher thresholds than the
tinnitus(2) group at 8 weeks post-exposure (F(2,122) = 40.256,
p,0.030). Although there were no significant differences between
these two groups in clicks or individual frequencies, that may be
due to lower sample size and less statistical power compared to
combined-frequency analysis. To further explore the relationship
between hearing loss and tinnitus, we conducted correlation
analysis between ABR thresholds and GAP ratios for each group.
We found that thresholds and ratios were not significantly
correlated for the tinnitus(+) (r =20.081, p= 0.586), tinnitus(2)
(r = 0.336, p = 0.109), or control group (r =20.122, p= 0.536)
(Fig. 5A–C), suggesting that although hearing loss may have been
greater overall in the tinnitus(+) group, it was not specifically linked
to elevated GAP ratios.
Morris Water Maze (MWM)
Tinnitus(+) and tinnitus(2) rats underwent a one-day MWM
procedure as described elsewhere [79] 6 weeks after tone exposure
to assess the effects of tinnitus, hearing loss, and hyperacusis-like
behavior on spatial learning and memory (Fig. 6). No significant
differences were found between any of the three groups, including
tinnitus(+) and tinnitus(2) (F(2,97) = 1.498, p = 1.000), tinnitus
(+) and
control (F(2,97) = 1.498, p = 0.687), and tinnitus
(2) and control
(F(2,97) = 1.498, p = 0.280; ANOVA and post-hoc Bonferroni tests;
Fig. 6A). Although rats only underwent 4 escape latency trials, the
mean escape latencies of their last 2 trials (when learning had been
established) were similar to the last 4 trials of Sprague-Dawley
control rats from our unpublished study using a one-day, 12 trial
procedure (data not shown), which has been successfully used in
other studies to substantiate strong spatial learning and memory
[85,86]. In addition, Long-Evans rats tend to have superior spatial
cognition compared to many other domesticated strains [87].
Taken together, this justified our one-day MWM protocol.
Probe trial testing followed trial 4 of escape latency testing.
There were no significant differences between groups in target
zone entries, including tinnitus(+) and tinnitus(2) (F(2,22) = 0.588,
p = 0.883), tinnitus(+) and control (F(2,22) 0.588, p = 1.000), and
tinnitus(2) and control (F(2,22) = 0.588, p = 1.000; ANOVA and
post-hoc Bonferroni tests; Fig. 6B). There were also no significant
differences in target zone time between tinnitus(+) and tinnitus(2)
(F(2,22) = 1.999, p = 1.000), tinnitus
(+) and control (F(2,22) = 1.999,
p = 0.256), or tinnitus(2) and control groups (F(2,22) = 1.999,
p = 0.308; ANOVA and post-hoc Bonferroni tests; Fig. 6C). Finally,
there were no significant differences in swimming velocity between
tinnitus(+) and tinnitus(2) (F(2,97) = 0.586, p = 1.000), tinnitus
(+) and
control (F(2,97) = 0.586, p = 1.000), or tinnitus
(2) and control
Figure 4. Auditory brainstem responses from the exposed left
ear (A) and unexposed right ear (B). In the exposed ear (A), both
the tinnitus(+) and tinnitus(2) groups showed significant threshold shifts
across tone-burst frequencies at 1 and 8 weeks post-exposure, with the
strongest elevations occurring at 12 and 16 kHz. Overall, the tinnitus(+)
group had significantly higher hearing thresholds than the tinnitus(2)
group, although the thresholds were not significantly higher at any
individual frequency or click. (B) No significant threshold shifts were
seen in the unexposed ear for tinnitus(+) and tinnitus(2) groups. The
control group showed no changes in either ear (A–B). Error bars
represent SEM.
doi:10.1371/journal.pone.0075011.g004
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Figure 5. Correlation between ABR thresholds and GAP ratios
for tinnitus(+) (A), tinnitus(2) (B), and control (C) groups. No
groups exhibited a significant correlation, suggesting that although
tinnitus(+) rats had more overall hearing loss (see Figure 4), it was not
the only factor accounting for elevated GAP ratios and thus behavioral
manifestation of tinnitus.
doi:10.1371/journal.pone.0075011.g005
Figure 6. Morris water maze escape latency and probe trial
data. No significant differences were seen between the tinnitus(+),
tinnitus(2) and control groups in escape latency (A), probe trial target
zone entries (B), probe trial target zone time (C), and velocity (D). This
indicated similar spatial learning and memory across groups. Error bars
represent SEM.
doi:10.1371/journal.pone.0075011.g006
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(F(2,97) = 0.586, p = 1.000), suggesting similar mobility levels
(ANOVA and post-hoc Bonferroni tests; Fig. 6D).
Elevated Plus Maze (EPM)
EPM was conducted to explore the effects of intense tone-
induced tinnitus, hearing loss, and hyperacusis-like behavior on
anxiety (Figure 7). No significant differences were observed
between groups on percent of open-arm entries, including
tinnitus(+) and tinnitus(2) (F(2,22) = 1.049, p= 1.000), tinnitus
(+)
and control (F(2, 22) = 1.049, p= 0.525), and tinnitus
(2) and control
(F(2,22) = 1.049, p = 1.000; ANOVA and post-hoc Bonferroni tests;
Fig. 7). Furthermore, no differences were found between groups
on percent of open-arm time, including tinnitus(+) and tinnitus(2)
(F(2,22) = 0.479, p= 1.000), tinnitus
(+) and control (F(2,22) = 0.479,
p = 1.000), and tinnitus(2) and control (F(2,22) = 0.479, p = 1.000;
ANOVA and post-hoc Bonferroni tests; Fig. 7).
In addition to group-wise analysis, we investigated whether
individual rats had high anxiety (HA) or low anxiety (LA). For the
tinnitus(+) group, 4 rats had HA and 1 had LA, while for the
tinnitus(2) group, no rats had HA and 1 had LA. For the control
group, 1 rat had HA and 2 had LA. HA rats had a lower number
of open-arm entries and a similar number of closed-arm entries
compared to LA rats (not shown), indicating that the groups truly
differed on anxiety level. Although sample sizes in the HA and LA
groups were small, these results support clinical findings by
showing that tinnitus and hyperacusis may result in a greater
likelihood for comorbid anxiety, but that not all affected
individuals experience anxiety.
Discussion
Noise-induced Tinnitus and Individualized Diagnosis
We found that two exposures to a 10 kHz tone at 118–120 dB
SPL and 2–3 hours duration (2 hours for first exposure, 3 hours for
the second) induced noise-like tinnitus for at least 6 weeks in twelve
out of eighteen rats. First, the current study may be clinically
relevant to patients who have sustained acoustic trauma on
multiple occasions, or on a regular basis as a result of occupational
hazard [2,88–90]. Second, our findings are corroborated by other
reports showing that exposure to tones in the range of 10 to
17 kHz can produce tinnitus from anywhere between 6 to 32 kHz
[20,33,54,73,91]. A recent study by our lab demonstrated that
single blast exposure (14 psi, 10 ms pulse duration) induced
immediate noise-like tinnitus, which later shifted towards high-
frequencies [60]. Overall, experimental findings are in line with
human data, where individuals have been exposed to acoustic
trauma with a range of characteristics and experience tinnitus with
varying features [88–90,92,93].
A key goal of this study was to develop a reliable method to
diagnose chronic tinnitus in rats at individual level. This is a
critical factor since many studies have either not divided animals
into tinnitus positive and negative groups
[60,61,63,70,72,73,75,76] or used a standardized method to do
so [20,64,66,67,71]. Our results demonstrated that taking the best
four out of five behavioral tests and removing outliers generated a
stable baseline behavioral profile for a rat, as evidenced by the
significantly attenuated GAP responses compared to startle only
responses (Figure 1). This analytical method provides an objective
and reliable way of determining whether and when rats have
stable baseline behavior. Determining not only baseline stability
but the typical GAP responses for each rat is crucial since baseline
GAP values affect whether post-exposure values appear elevated
or not, which in turn influences tinnitus diagnosis. Our data also
showed that this method generated a stable post-exposure
assessment, which is important in achieving accurate diagnosis
and avoiding false tinnitus positive results. This is validated by the
fact that twelve exposed rats were diagnosed with tinnitus while six
were not, and that no control rats were diagnosed with tinnitus.
Our results support other reports that noise exposure does not
induce tinnitus in every subject [20,64–67,71,94].
Another finding from individualized analysis was that different
rats developed tinnitus at different frequencies. Specifically, we
found that tinnitus ranged from 8 to 28 kHz. This is in line with
another study where intense tone exposure (12 kHz, 126 dB, SPL,
2 h) induced tinnitus between 6–24 kHz [20]. In such cases,
maladaptive neuroplastic changes giving rise to tinnitus perception
may vary across animals over time and account for the disparity in
pitch. Identifying the frequencies of tinnitus in specific rats may
play an important role in pinpointing correlates of tinnitus, such as
latency and amplitude changes in ABR waves, and changes in
spontaneous activity, bursting, and synchrony in tonotopically-
organized structures such as the dorsal cochlear nucleus, inferior
colliculus, and auditory cortex. Relying solely on group-wise
analysis may obscure certain frequencies of tinnitus manifestation
and fail to yield the most accurate profile of tinnitus induction.
Our tinnitus(+) rats exhibited higher post-exposure hearing
thresholds than tinnitus(2) or control rats, suggesting that hearing
loss plays a role in tinnitus manifestation. The lack of significant
correlation between hearing thresholds and GAP ratios, however,
indicates that the currently used diagnostic method adequately
revealed tinnitus manifestation in the tinnitus(+) rats.
Influence of Tinnitus and Hearing Loss on Hyperacusis
In addition to behavioral evidence of tinnitus, the tinnitus(+)
group showed some significantly increased startle response
amplitudes to the startle only conditions at 1 to 2 weeks after
tone exposure, followed by more substantial increases at 5 to 6
weeks post-exposure. This is suggestive of hyperacusis-like
behavior in the tinnitus(+) group and is supported by similar
findings [80,81], though only Chen and colleagues tested for
simultaneous tinnitus. Other studies have found an association
between salicylate- and noise-induced tinnitus and stronger than
expected prepulse inhibition, which may also be indicative of
hyperacusis [74,95]. A close association between tinnitus and
hyperacusis would be expected, since the two are highly correlated
in the clinical population [38–40] and putatively share similar
Figure 7. Percent of open-arm entries and open-arm time in
the elevated plus maze. No significant differences were seen
between the tinnitus(+), tinnitus(2), and control groups in percent of
open-arm entries or percent of open-arm time, indicating similar
anxiety level across groups. Error bars represent SEM.
doi:10.1371/journal.pone.0075011.g007
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pathophysiology [81,96–98]. In fact, several studies reporting
increased startle amplitude in response to noise exposure, age-
related hearing loss, and salicylate injections might have also found
tinnitus manifestation if they had tested their subjects [81,82,99–
101]. Future work in animals should consider simultaneous
assessment for tinnitus and hyperacusis, so that the relationship
can be better studied and understood.
Despite these common findings, others have found a decrease in
startle amplitude following noise exposure and/or hearing loss
[58,66,102]. One reason for the disparity may be the degree and
frequencies of the induced hearing loss. That is, partial hearing
loss may be necessary to enhance startle amplitude. The present
study used 10 kHz tone exposures to induce a transient 6–12 kHz
loss in auditory detection and permanent hearing threshold
elevations from 8 to 28 kHz, with 12 and 16 kHz sustaining the
highest elevations (,49–57 dB) and 8 kHz sustaining the lowest
elevations (,39–42 dB). Studies finding increased startle respon-
sivity as a result of aging [82,101] and salicylate injections [99,100]
also reported high-frequency hearing loss, which is theorized to
have caused the hyperacusis-like behavior through overrepresen-
tation of low frequencies and increased central auditory system
gain. Sun and colleagues (2012) found high-frequency hearing loss
immediately following noise exposure (11–13 kHz, 1 hour, 120 dB
SPL), which was accompanied by increased startle responsivity to
low-frequency stimuli. Rybalko and colleagues, however, found no
hearing loss at 3–5 months following noise exposure (BBN, 125 dB
SPL, 8 minutes) at postnatal day 14, but found reduction in startle
responsivity to all but 2 kHz stimuli. For others that reported
reduced startle responsivity after noise exposure, either hearing
loss was not assessed [58] or a wide band noise exposure was used
[66], which may not have led to overrepresentation of certain
frequencies. Therefore, the rats in our study may have developed
hyperacusis from hearing loss (12–16 kHz), which resulted in
overrepresentation of low frequencies (below 8 kHz) and increased
startle responsivity to noise burst stimuli. While the current study
did not test startle reflexes in response to low-frequency stimuli, it
is likely that lower-frequency responsivity fed into broadband
responsivity [102].
Effect of Tinnitus on Cognition and Anxiety
Tinnitus(+) rats showed no significant differences on escape
latency or probe trials compared to tinnitus(2) or control rats. This
suggests that there was no significant difference in spatial learning
and memory, which is consistent with previous reports [31]. Mixed
results have been found in animal studies, with tinnitus affecting
some cognitive and behavioral functioning such as impulse control
and social interaction [32,33], but not affecting spatial cognition
and serial reaction time accuracy [31,33]. The inconsistent
findings from animal studies match those from clinical studies in
that some subjective accounts by patients and experimental
evidence suggests that tinnitus interferes with cognitive functioning
[8–12,29]. Other accounts and assessments in humans including
tests of serial and spatial recall and five-choice serial reaction time
with a dual task for memory [10,29] have found no tinnitus effect.
The cognitive-behavioral test paradigms used, as well as the
characteristics of the tinnitus perception, may therefore play a
significant role in tinnitus assessment. The inconsistent results in
humans may also suggest that some cognitive deficits are not
caused by the tinnitus itself, but may be due to underlying factors,
such as comorbid mood, anxiety, or other psychological disorders.
We did not find any significant differences in anxiety level
between the tinnitus(+), tinnitus(2), or control rats using group-wise
analysis. These results match other studies that exposed rats to
noise (95–110 dB SPL, 1–2 hour duration) and found no effect on
EPM performance [33,35], though only Zheng and colleagues
tested for tinnitus and neither group examined the long-term
progression of hearing loss or hyperacusis. When examining
individual animals, we found that 4 tinnitus(+) rats had high
anxiety (HA) and 1 had low anxiety (LA). Among the tinnitus(2)
group, no rats had HA and 1 had LA, while in the control group, 1
rat had HA and 2 had LA. Although human studies have reported
significantly higher anxiety in tinnitus patients compared to the
general population [44,46,84], our results agree with these studies
in that anxious predisposition is found in some but not all tinnitus
patients. More studies with a greater sample size and varying
severities of tinnitus are needed to further investigate this
relationship. The causative factors within this relationship must
also be taken into consideration, given the high comorbidity rate of
tinnitus with anxiety, as well as depression [42–47]. It remains
undetermined whether tinnitus can always cause anxiety and
depression, or whether individuals with pre-existing or predispo-
sitions to anxiety and depression are more inclined to suffer from
tinnitus perception.
As with tinnitus and cognitive functioning, anxiety and
emotional deficits may only manifest in tinnitus with certain
characteristics and with certain tests. In humans, anxiety can often
occur when the affected individual is trying to sleep or at various
times during routine activities. Monitoring sleep and using other
methods to evaluate the emotional status of rats may help clarify
the relationship between tinnitus and anxiety. Examples include
measuring insomnia, corticosterone, 5-HIAA level (a metabolite of
5-HT that can reflect serotonergic activity and stress), the light-
dark box test, and weight levels. Assessing depression-like behavior
with forced-swim and sucrose consumption tests may also yield
valuable information.
Effect of Hyperacusis on Cognition and Anxiety
Since the tinnitus(+) group demonstrated hyperacusis-like
behavior but showed no significant cognitive deficits or increased
anxiety, it appeared that hyperacusis also had no effect on
cognition and anxiety. Like with the negative effect of tinnitus on
cognitive-emotional functioning, these results were unexpected
since hyperacusis can result in distress, social withdrawal [41],
sleeping impairment [103], and increased propensity for depres-
sion and anxiety [104–106]. Although the relationship between
hyperacusis and cognition has not been addressed in previous
studies, it is reasonable to project that hyperacusis and its negative
side affects would impair cognitive functioning, including learning
and memory. Published MRI data have shown that semantic
dementia patients with tinnitus or hyperacusis sustain relative
preservation of grey matter in the posterior superior temporal lobe
and decreased grey matter in the orbitofrontal cortex and medial
geniculate nucleus [107], suggesting involvement of the limbic
system, which may account for their emotional reactivity to
auditory perception. As with tinnitus, however, it may be that
other tools besides MWM and EPM should be sought to assess the
cognitive-emotional effects of hyperacusis in rats. Additionally, the
measurement used to identify hyperacusis may need refining.
Since hyperacusis is most often defined as decreased tolerance to
moderate, everyday sound, the most convincing evidence of
hyperacusis in rats may be a statistically significant startle response
to a moderate-intensity startle stimulus (i.e. lower than 80 dB),
which has not been reported to date. Clearly, future studies in this
area are needed.
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Conclusions
The current study used a statistically-driven method to
demonstrate that tinnitus can be reliably identified in individual
rats. This was supported by our results showing that noise-exposed
rats can be separated into tinnitus(+) and tinnitus(2) groups and
that all non-exposed controls tested tinnitus negative. In addition,
the tinnitus(+) group demonstrated evidence of hyperacusis-like
behavior, which is frequently seen in the clinical population. We
found, however, that neither tinnitus, hearing loss, nor hyperacusis
yielded a group-wise effect on cognition and anxiety, although the
majority of rats with high anxiety came from the tinnitus(+) group.
These results, however, are all in line with complex clinical
findings, and underscore the difficulties of characterizing non-
auditory dysfunction in tinnitus patients and developing treatment
methods. The effects of tinnitus on functioning, including
difficulties in sleeping and concentrating, irritability, and increased
risk for depression, anxiety, and even suicide, all underline the fact
that they are among the most important consequences of tinnitus.
In order for animal models of tinnitus to achieve the greatest
relevance, these factors must be considered, and optimal methods
for detecting tinnitus and related auditory and non-auditory
functioning, including alternative tests for cognition and anxiety/
depression, must be sought.
Acknowledgments
The authors wish to thank Dr. Pamela VandeVord for giving us access to
the MWM facility, and thank Ms. Lyndsay Bobak, Ms. Christie Cheng,
and Mr. Caleb Gyani for assisting with experimentation and analysis.
Author Contributions
Conceived and designed the experiments: JZ. Performed the experiments:
EP JZ. Analyzed the data: EP JZ. Contributed reagents/materials/analysis
tools: JZ. Wrote the paper: EP JZ.
References
1. Adams PF, Marano MA (1995) Current estimates from the National Health
Interview Survey, 1994. Vital Health Stat10: 1–260.
2. Shargorodsky J, Curhan GC, Farwell WR (2010) Prevalence and character-
istics of tinnitus among US adults. AmJMed 123: 711–718.
3. Hasson D, Theorell T, Benka WM, Leineweber C, Canlon B (2011) Stress and
prevalence of hearing problems in the Swedish working population.
BMCPublic Health 11: 130.
4. Test T, Canfi A, Eyal A, Shoam-Vardi I, Sheiner EK (2011) The influence of
hearing impairment on sleep quality among workers exposed to harmful noise.
Sleep 34: 25–30.
5. Hebert S, Fullum S, Carrier J (2011) Polysomnographic and quantitative
electroencephalographic correlates of subjective sleep complaints in chronic
tinnitus. JSleep Res 20: 38–44.
6. Hallberg LR, Erlandsson SI (1993) Tinnitus characteristics in tinnitus
complainers and noncomplainers. BrJAudiol 27: 19–27.
7. Rizzardo R, Savastano M, Maron MB, Mangialaio M, Salvadori L (1998)
Psychological distress in patients with tinnitus. JOtolaryngol 27: 21–25.
8. Andersson G, Eriksson J, Lundh LG, Lyttkens L (2000) Tinnitus and cognitive
interference: a stroop paradigm study. JSpeech Lang HearRes 43: 1168–1173.
9. Andersson G, Bakhsh R, Johansson L, Kaldo V, Carlbring P (2005) Stroop
facilitation in tinnitus patients: an experiment conducted via the world wide
web. CyberpsycholBehav 8: 32–38.
10. Hallam RS, McKenna L, Shurlock L (2004) Tinnitus impairs cognitive
efficiency. IntJAudiol 43: 218–226.
11. Stevens C, Walker G, Boyer M, Gallagher M (2007) Severe tinnitus and its
effect on selective and divided attention. IntJAudiol 46: 208–216.
12. Rossiter S, Stevens C, Walker G (2006) Tinnitus and its effect on working
memory and attention. JSpeech Lang HearRes 49: 150–160.
13. Oishi N, Kanzaki S, Shinden S, Saito H, Inoue Y, et al. (2010) Effects of
selective serotonin reuptake inhibitor on treating tinnitus in patients stratified
for presence of depression or anxiety. AudiolNeurootol 15: 187–193.
14. Hesser H, Andersson G (2009) The role of anxiety sensitivity and behavioral
avoidance in tinnitus disability. IntJAudiol 48: 295–299.
15. Crocetti A, Forti S, Ambrosetti U, Bo LD (2009) Questionnaires to evaluate
anxiety and depressive levels in tinnitus patients. OtolaryngolHead Neck Surg
140: 403–405.
16. Lewis JE, Stephens SD, McKenna L (1994) Tinnitus and suicide. ClinOtolar-
yngolAllied Sci 19: 50–54.
17. Shulman A, Strashun AM, Afriyie M, Aronson F, Abel W, et al. (1995) SPECT
Imaging of Brain and Tinnitus-Neurotologic/Neurologic Implications. In-
tTinnitusJ 1: 13–29.
18. Wang H, Tian J, Yin D (2000) [Positron emission tomography of tinnitus-
related brain areas]. Zhonghua ErBi YanHou KeZa Zhi 35: 420–424.
19. Goble TJ, Moller AR, Thompson LT (2009) Acute high-intensity sound
exposure alters responses of place cells in hippocampus. HearRes 253: 52–59.
20. Kraus KS, Mitra S, Jimenez Z, Hinduja S, Ding D, et al. (2010) Noise trauma
impairs neurogenesis in the rat hippocampus. Neuroscience 167: 1216–1226.
21. Wallhausser-Franke E, Mahlke C, Oliva R, Braun S, Wenz G, et al. (2003)
Expression of c-fos in auditory and non-auditory brain regions of the gerbil
after manipulations that induce tinnitus. ExpBrain Res 153: 649–654.
22. Zhang JS, Kaltenbach JA, Wang J, Kim SA (2003) Fos-like immunoreactivity
in auditory and nonauditory brain structures of hamsters previously exposed to
intense sound. ExpBrain Res 153: 655–660.
23. Mahlke C, Wallhausser-Franke E (2004) Evidence for tinnitus-related plasticity
in the auditory and limbic system, demonstrated by arg3.1 and c-fos
immunocytochemistry. HearRes 195: 17–34.
24. Hebert S, Paiement P, Lupien SJ (2004) A physiological correlate for the
intolerance to both internal and external sounds. HearRes 190: 1–9.
25. Hebert S, Lupien SJ (2007) The sound of stress: blunted cortisol reactivity to
psychosocial stress in tinnitus sufferers. NeurosciLett 411: 138–142.
26. Leaver AM, Renier L, Chevillet MA, Morgan S, Kim HJ, et al. (2011)
Dysregulation of limbic and auditory networks in tinnitus. Neuron 69: 33–43.
27. Landgrebe M, Langguth B, Rosengarth K, Braun S, Koch A, et al. (2009)
Structural brain changes in tinnitus: grey matter decrease in auditory and non-
auditory brain areas. Neuroimage 46: 213–218.
28. Muhlau M, Rauschecker JP, Oestreicher E, Gaser C, Rottinger M, et al. (2006)
Structural brain changes in tinnitus. CerebCortex 16: 1283–1288.
29. Andersson G, Edsjo L, Kaldo V, Westin V (2009) Tinnitus and short-term
serial recall in stable versus intermittent masking conditions. ScandJPsychol 50:
517–522.
30. Bartels H, Middel BL, van der Laan BF, Staal MJ, Albers FW (2008) The
additive effect of co-occurring anxiety and depression on health status, quality
of life and coping strategies in help-seeking tinnitus sufferers. Ear Hear 29: 947–
956.
31. Zheng Y, Hamilton E, Begum S, Smith PF, Darlington CL (2011) The effects
of acoustic trauma that can cause tinnitus on spatial performance in rats.
Neuroscience.
32. Zheng Y, Hamilton E, McNamara E, Smith PF, Darlington CL (2011) The
effects of chronic tinnitus caused by acoustic trauma on social behaviour and
anxiety in rats. Neuroscience.
33. Zheng Y, Hamilton E, Stiles L, McNamara E, de WC, et al. (2011) Acoustic
trauma that can cause tinnitus impairs impulsive control but not performance
accuracy in the 5-choice serial reaction time task in rats. Neuroscience.
34. Hardoy MC, Carta MG, Marci AR, Carbone F, Cadeddu M, et al. (2005)
Exposure to aircraft noise and risk of psychiatric disorders: the Elmas survey–
aircraft noise and psychiatric disorders. SocPsychiatry PsychiatrEpidemiol 40:
24–26.
35. Uran SL, Caceres LG, Guelman LR (2010) Effects of loud noise on
hippocampal and cerebellar-related behaviors. Role of oxidative state. Brain
Res 1361: 102–114.
36. Tambs K (2004) Moderate effects of hearing loss on mental health and
subjective well-being: results from the Nord-Trondelag Hearing Loss Study.
PsychosomMed 66: 776–782.
37. Jakes S (1988) Otological symptoms and emotion. Advances in Behaviour
Research and Therapy 10: 53–103.
38. Sood SK, Coles RRA (1998) Hyperacusis and phonophobia in tinnitus
patients. Br J Audiol 22: 1.
39. Jastreboff PJ, Jastreboff MM (2000) Tinnitus Retraining Therapy (TRT) as a
method for treatment of tinnitus and hyperacusis patients. JAmAcadAudiol 11:
162–177.
40. Dauman R, Bouscau-Faure F (2005) Assessment and amelioration of
hyperacusis in tinnitus patients. Acta Otolaryngol 125: 503–509.
41. Brandy WT, Lynn JM (1995) Audiologic findings in hyperacusis and
nonhyperacusis subjects. AmJ Audiol 4: 5.
42. Gabr TA, El-Hay MA, Badawy A (2011) Electrophysiological and psycholog-
ical studies in tinnitus. Auris Nasus Larynx.
43. Gopinath B, McMahon CM, Rochtchina E, Karpa MJ, Mitchell P (2010) Risk
factors and impacts of incident tinnitus in older adults. AnnEpidemiol 20: 129–
135.
44. Belli S, Belli H, Bahcebasi T, Ozcetin A, Alpay E, et al. (2008) Assessment of
psychopathological aspects and psychiatric comorbidities in patients affected by
tinnitus. EurArchOtorhinolaryngol 265: 279–285.
Tinnitus, Hearing Loss, Anxiety and Cognition
PLOS ONE | www.plosone.org 12 September 2013 | Volume 8 | Issue 9 | e75011
45. Salonen J, Johansson R, Joukamaa M (2007) Alexithymia, depression and
tinnitus in elderly people. GenHospPsychiatry 29: 431–435.
46. Zoger S, Svedlund J, Holgers KM (2006) Relationship between tinnitus severity
and psychiatric disorders. Psychosomatics 47: 282–288.
47. Holgers KM, Zoger S, Svedlund K (2005) Predictive factors for development of
severe tinnitus suffering-further characterisation. IntJAudiol 44: 584–592.
48. Mayberg HS (1997) Limbic-cortical dysregulation: a proposed model of
depression. JNeuropsychiatry ClinNeurosci 9: 471–481.
49. Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, et al. (2002)
Neurobiology of depression. Neuron 34: 13–25.
50. Evans KC, Wright CI, Wedig MM, Gold AL, Pollack MH, et al. (2008) A
functional MRI study of amygdala responses to angry schematic faces in social
anxiety disorder. DepressAnxiety 25: 496–505.
51. Monk CS, Telzer EH, Mogg K, Bradley BP, Mai X, et al. (2008) Amygdala
and ventrolateral prefrontal cortex activation to masked angry faces in children
and adolescents with generalized anxiety disorder. ArchGenPsychiatry 65:
568–576.
52. Lyche P, Jonassen R, Stiles TC, Ulleberg P, Landro NI (2011) Verbal memory
functions in unipolar major depression with and without co-morbid anxiety.
ClinNeuropsychol 25: 359–375.
53. Humphreys MS, Revelle W (1984) Personality, motivation, and performance: a
theory of the relationship between individual differences and information
processing. PsycholRev 91: 153–184.
54. Bauer CA, Brozoski TJ (2001) Assessing tinnitus and prospective tinnitus
therapeutics using a psychophysical animal model. JAssocResOtolaryngol 2:
54–64.
55. Bauer CA, Brozoski TJ, Rojas R, Boley J, Wyder M (1999) Behavioral model of
chronic tinnitus in rats. OtolaryngolHead Neck Surg 121: 457–462.
56. Heffner HE, Harrington IA (2002) Tinnitus in hamsters following exposure to
intense sound. HearRes 170: 83–95.
57. Jastreboff PJ, Brennan JF, Sasaki CT (1988) An animal model for tinnitus.
Laryngoscope 98: 280–286.
58. Lobarinas E, Hayes SH, Allman BL (2013) The gap-startle paradigm for
tinnitus screening in animal models: limitations and optimization. Hear Res
295: 150–160.
59. Lobarinas E, Sun W, Cushing R, Salvi R (2004) A novel behavioral paradigm
for assessing tinnitus using schedule-induced polydipsia avoidance conditioning
(SIP-AC). HearRes 190: 109–114.
60. Mao J, Pace E, Pierozynski P, Kou Z, Shen Y, et al. (2011) Blast-Induced
Tinnitus and Hearing Loss in Rats: Behavioral and Imaging Assays.
JNeurotrauma.
61. Nowotny M, Remus M, Kossl M, Gaese BH (2011) Characterization of the
perceived sound of trauma-induced tinnitus in gerbils. J Acoust Soc Am 130:
2827–2834.
62. Ruttiger L, Ciuffani J, Zenner HP, Knipper M (2003) A behavioral paradigm
to judge acute sodium salicylate-induced sound experience in rats: a new
approach for an animal model on tinnitus. HearRes 180: 39–50.
63. Turner JG, Brozoski TJ, Bauer CA, Parrish JL, Myers K, et al. (2006) Gap
detection deficits in rats with tinnitus: a potential novel screening tool.
BehavNeurosci 120: 188–195.
64. Zhang J, Zhang Y, Zhang X (2011) Auditory cortex electrical stimulation
suppresses tinnitus in rats. JAssocResOtolaryngol 12: 185–201.
65. Guitton MJ, Caston J, Ruel J, Johnson RM, Pujol R, et al. (2003) Salicylate
induces tinnitus through activation of cochlear NMDA receptors. JNeurosci 23:
3944–3952.
66. Longenecker RJ, Galazyuk AV (2011) Development of tinnitus in CBA/CaJ
mice following sound exposure. J Assoc Res Otolaryngol 12: 647–658.
67. Dehmel S, Pradhan S, Koehler S, Bledsoe S, Shore S (2012) Noise
overexposure alters long-term somatosensory-auditory processing in the dorsal
cochlear nucleus–possible basis for tinnitus-related hyperactivity? J Neurosci
32: 1660–1671.
68. Guitton MJ, Pujol R, Puel JL (2005) m-Chlorophenylpiperazine exacerbates
perception of salicylate-induced tinnitus in rats. EurJNeurosci 22: 2675–2678.
69. Lobarinas E, Sun W, Sarbadhikari K, Salvi R (2008) Acoustic overstimulation
and noise-induced tinnitus assessed with gap prepulse inhibition of acoustic
startle in rats. Association for Research in Otolaryngology.
70. Luo H, Zhang X, Nation J, Pace E, Lepczyk L, et al. (2012) Tinnitus
suppression by electrical stimulation of the rat dorsal cochlear nucleus.
Neurosci Lett 522: 16–20.
71. Norman M, Tomscha K, Wehr M (2012) Isoflurane blocks temporary tinnitus.
Hear Res 290: 64–71.
72. Turner J, Larsen D, Hughes L, Moechars D, Shore S (2012) Time course of
tinnitus development following noise exposure in mice. J Neurosci Res 90:
1480–1488.
73. Wang H, Brozoski TJ, Turner JG, Ling L, Parrish JL, et al. (2009) Plasticity at
glycinergic synapses in dorsal cochlear nucleus of rats with behavioral evidence
of tinnitus. Neuroscience 164: 747–759.
74. Turner JG, Parrish J (2008) Gap detection methods for assessing salicylate-
induced tinnitus and hyperacusis in rats. Am J Audiol 17: S185–192.
75. Yang G, Lobarinas E, Zhang L, Turner J, Stolzberg D, et al. (2007) Salicylate
induced tinnitus: behavioral measures and neural activity in auditory cortex of
awake rats. HearRes 226: 244–253.
76. Holt AG, Bissig D, Mirza N, Rajah G, Berkowitz B (2010) Evidence of key
tinnitus-related brain regions documented by a unique combination of
manganese-enhanced MRI and acoustic startle reflex testing. PLoSONE 5:
e14260.
77. Chung JW, Ahn JH, Kim JY, Lee HJ, Kang HH, et al. (2007) The effect of
isoflurane, halothane and pentobarbital on noise-induced hearing loss in mice.
AnesthAnalg 104: 1404–1408, table.
78. Kim JU, Lee HJ, Kang HH, Shin JW, Ku SW, et al. (2005) Protective effect of
isoflurane anesthesia on noise-induced hearing loss in mice. Laryngoscope 115:
1996–1999.
79. Vandevord PJ, Bolander R, Sajja VS, Hay K, Bir CA (2012) Mild neurotrauma
indicates a range-specific pressure response to low level shock wave exposure.
Ann Biomed Eng 40: 227–236.
80. Chen G, Lee C, Sandridge SA, Butler HM, Manzoor NF, et al. (2013)
Behavioral Evidence for Possible Simultaneous Induction of Hyperacusis and
Tinnitus Following Intense Sound Exposure. J Assoc Res Otolaryngol.
81. Sun W, Deng A, Jayaram A, Gibson B (2012) Noise exposure enhances
auditory cortex responses related to hyperacusis behavior. Brain Res 1485:
108–116.
82. Ison JR, Allen PD, O’Neill WE (2007) Age-related hearing loss in C57BL/6J
mice has both frequency-specific and non-frequency-specific components that
produce a hyperacusis-like exaggeration of the acoustic startle reflex.
JAssocResOtolaryngol 8: 539–550.
83. Nobre MJ, Brandao ML (2011) Modulation of auditory-evoked potentials
recorded in the inferior colliculus by GABAergic mechanisms in the basolateral
and central nuclei of the amygdala in high- and low-anxiety rats. Brain Res
1421: 20–29.
84. Zoger S, Svedlund J, Holgers KM (2001) Psychiatric disorders in tinnitus
patients without severe hearing impairment: 24 month follow-up of patients at
an audiological clinic. Audiology 40: 133–140.
85. Ang ET, Dawe GS, Wong PT, Moochhala S, Ng YK (2006) Alterations in
spatial learning and memory after forced exercise. Brain Res 1113: 186–193.
86. Kraemer PJ, Brown RW, Baldwin SA, Scheff SW (1996) Validation of a single-
day Morris Water Maze procedure used to assess cognitive deficits associated
with brain damage. Brain ResBull 39: 17–22.
87. Harker KT, Whishaw IQ (2002) Place and matching-to-place spatial learning
affected by rat inbreeding (Dark-Agouti, Fischer 344) and albinism (Wistar,
Sprague-Dawley) but not domestication (wild rat vs. Long-Evans, Fischer-
Norway). BehavBrain Res 134: 467–477.
88. Moon IS, Park SY, Park HJ, Yang HS, Hong SJ, et al. (2011) Clinical
characteristics of acoustic trauma caused by gunshot noise in mass rifle drills
without ear protection. JOccupEnvironHyg 8: 618–623.
89. Gondusky JS, Reiter MP (2005) Protecting military convoys in Iraq: an
examination of battle injuries sustained by a mechanized battalion during
Operation Iraqi Freedom II. MilMed 170: 546–549.
90. Quintanilla-Dieck ML, Artunduaga MA, Eavey RD (2009) Intentional
exposure to loud music: the second MTV.com survey reveals an opportunity
to educate. JPediatr 155: 550–555.
91. Brozoski TJ, Ciobanu L, Bauer CA (2007) Central neural activity in rats with
tinnitus evaluated with manganese-enhanced magnetic resonance imaging
(MEMRI). HearRes 228: 168–179.
92. Sereda M, Hall DA, Bosnyak DJ, Edmondson-Jones M, Roberts LE, et al.
(2011) Re-examining the relationship between audiometric profile and tinnitus
pitch. IntJAudiol 50: 303–312.
93. Pan T, Tyler RS, Ji H, Coelho C, Gehringer AK, et al. (2009) The relationship
between tinnitus pitch and the audiogram. IntJAudiol 48: 277–294.
94. Guitton MJ, Dudai Y (2007) Blockade of cochlear NMDA receptors prevents
long-term tinnitus during a brief consolidation window after acoustic trauma.
Neural Plast 2007: 80904.
95. Turner J, Larsen D, Hughes L, Moechars D, Shore S (2012) Time course of
tinnitus development following noise exposure in mice. J Neurosci Res.
96. Moller AR (2007) Tinnitus: presence and future. ProgBrain Res 166: 3–16.
97. Attias J, Zwecker-Lazar I, Nageris B, Keren O, Groswasser Z (2005)
Dysfunction of the auditory efferent system in patients with traumatic brain
injuries with tinnitus and hyperacusis. JBasic ClinPhysiol Pharmacol 16: 117–
126.
98. Nelson JJ, Chen K (2004) The relationship of tinnitus, hyperacusis, and hearing
loss. Ear Nose Throat J 83: 472–476.
99. Lu J, Lobarinas E, Deng A, Goodey R, Stolzberg D, et al. (2011) GABAergic
neural activity involved in salicylate-induced auditory cortex gain enhance-
ment. Neuroscience 189: 187–198.
100. Sun W, Lu J, Stolzberg D, Gray L, Deng A, et al. (2009) Salicylate increases the
gain of the central auditory system. Neuroscience 159: 325–334.
101. Ison JR, Allen PD (2003) Low-frequency tone pips elicit exaggerated startle
reflexes in C57BL/6J mice with hearing loss. J Assoc Res Otolaryngol 4: 495–
504.
102. Rybalko N, Bures Z, Burianova J, Popelar J, Grecova J, et al. (2011) Noise
exposure during early development influences the acoustic startle reflex in adult
rats. Physiol Behav 102: 453–458.
103. Hebert S, Carrier J (2007) Sleep complaints in elderly tinnitus patients: a
controlled study. Ear Hear 28: 649–655.
104. Juris L, Andersson G, Larsen HC, Ekselius L (2013) Psychiatric comorbidity
and personality traits in patients with hyperacusis. Int J Audiol 52: 230–235.
105. Falkenberg ES, Wie OB (2012) Anxiety and depression in tinnitus patients: 5-
year follow-up assessment after completion of habituation therapy.
Int J Otolaryngol 2012: 375460.
Tinnitus, Hearing Loss, Anxiety and Cognition
PLOS ONE | www.plosone.org 13 September 2013 | Volume 8 | Issue 9 | e75011
106. Blaesing L, Kroener-Herwig B (2012) Self-reported and behavioral sound
avoidance in tinnitus and hyperacusis subjects, and association with anxiety
ratings. Int J Audiol 51: 611–617.
107. Mahoney CJ, Rohrer JD, Goll JC, Fox NC, Rossor MN, et al. (2011) Structural
neuroanatomy of tinnitus and hyperacusis in semantic dementia. J Neurol
Neurosurg Psychiatry 82: 1274–1278.
Tinnitus, Hearing Loss, Anxiety and Cognition
PLOS ONE | www.plosone.org 14 September 2013 | Volume 8 | Issue 9 | e75011
